The use of biofuels for transportation has grown substantially in the past decade in response to federal mandates and increased concern about the use of petroleum fuels. As biofuels become more common, it is imperative to assess their influence on mobile source emissions of regulated and hazardous pollutants. This assessment cannot be done without first obtaining a basic understanding of how biofuels affect the relationship between fuel properties, engine design, and combustion conditions. Combustion studies were conducted on biodiesel fuels from four feedstocks (palm oil, soybean oil, canola oil, and coconut oil) with two injection systems, mechanical and electronic. For the electronic system, fuel injection timing was adjusted to compensate for physical changes caused by different fuels. The emissions of nitrogen oxides (NO x ) and partial combustion products were compared across both engine injection systems. The analysis showed differences in NO x emissions based on hydrocarbon chain length and degree of fuel unsaturation, with little to no NO x increase compared with ultra-low sulfur diesel fuel for most conditions. Adjusting the fuel injection timing provided some improvement in biodiesel emissions for NO x and particulate matter, particularly at lower engine loads. The results indicated that the introduction of biodiesel and biodiesel blends could have widely dissimilar effects in different types of vehicle fleets, depending on typical engine design, age, and the feedstock used for biofuel production.
Renewable, biomass-based fuel use in the transportation industry has grown enormously over the past decade. Biodiesel consumption in 2013 in the United States exceeded 1,300 million gal, compared with less than 30 million gal in 2004 (1) . One of the largest drivers of increased biodiesel use has been the Environmental Protection Agency's implementation of Renewable Fuel Standards under the Energy Independence and Security Act of 2007. These standards implemented annual targets for the use of biodiesel and other biofuels, resulting in widespread biodiesel adoption throughout the transportation industry, primarily as blends with existing petroleum diesel fuels at ratios of 20% or less. For example, the ASTM standard for diesel fuels was updated in 2008 to allow for blending of up to 5% biodiesel fuel without separate labeling as long as biodiesel stock and blended fuels met their respective ASTM standards (ASTM D975-08a and subsequent versions). Most major automotive and light truck engine manufacturers have also provided for the use of up to 20% biodiesel blends in newer engines without affecting warranties (2) . Furthermore, various states have adopted additional requirements for biodiesel content in retail diesel fuels (3) or for state agency fuel purchases (4) .
As the use of biodiesel blends in on-and off-road vehicles becomes commonplace, it is necessary to assess the effect of these fuels on diesel mobile source emissions. Generally, the use of biodiesel has been shown to reduce emissions of unburned hydrocarbons (HC) and particulate matter (PM) (5) (6) (7) . The effects of biodiesel use on nitrogen oxides (NO x ), however, have been more difficult to assess. In 2002, the Environmental Protection Agency estimated that soybased biodiesel would result in approximately a 1% increase in NO x emissions for every 10% increase in biodiesel content compared with an average diesel fuel (7) . However, significant variance in biodiesel NO x emissions has been observed from one experimental setup to another, with a significant minority of studies showing no significant increase (and sometimes decreases) in NO x caused by biodiesel use (6, 8) . Studies conducted to compare biodiesel fuel blends with California Air Resources Board diesel fuels found increases in NO x emissions at all blending levels with soy-based biodiesel, but less effect from an animal-based fuel (9, 10) . This is consistent with other results suggesting that more saturated biodiesel fuels may produce little to no increase in NO x compared with standard diesel fuels (11, 12) . Differences in biodiesel physical properties can also alter fuel injection and combustion patterns, further impacting exhaust emissions profiles. In particular, fuel injection timing has been identified as a significant factor in NO x emissions (13) (14) (15) . In older mechanical systems, higher biodiesel compressibility can result in an earlier injection. In newer engines, electronic fuel injectors can be adjusted to compensate for these differences, potentially reducing NO x formation.
Identifying the impacts of biodiesel use on exhaust emissions is of concern to engine manufacturers, who face increasingly stringent regulations on acceptable NO x and PM levels, and to air quality modelers. This identification can only be done by better understanding the underlying factors that produce these wide discrepancies in emissions results. Previously, the research team used a mechanical fuel injection system to examine the exhaust emissions of multiple biodiesel fuels from a single-cylinder research engine (12) . More recently, the team conducted additional emissions studies with four identical fuels (palm, soybean, canola, and coconut oil biodiesel) in the same engine after installation of an electronic fuel injection system. [Results of the soybean and palm biodiesel tests with the electronic fuel injection system were published previously in Mangus et al. (16) ]. This study analyzed the new and existing data to provide a unique assessment of how changes in the fuel injection system and engine timing can affect emissions of NO x and partial combustion products from identical biodiesel fuels in a simple engine system where variables can be more easily isolated. The results highlight the specific fuel property and engine configuration factors that can aid in the development of cleaner-burning systems.
ExpErimEntal procEdurE Fuel preparation and characterization
Biodiesel fuels were prepared in a pilot-scale production facility at the University of Kansas. The mechanical fuel pump-line injector (MI) fuels and fuels for the 2013 electronic fuel injection (EI) tests were prepared from pure feedstocks of palm, soybean, coconut, and canola oils. The 2014 EI test fuels were prepared from used coconut and canola oils obtained from local restaurants. All biodiesels were produced through a transesterification process. Each oil was reacted with methanol at a 1:6 molar ratio at 60°C and 1 atmosphere in a continuous stir batch reactor, using basic catalysts (sodium methoxide or potassium hydroxide). After production, the fuels were washed and settled to remove glycerin, unreacted methanol, and other impurities and then dried thoroughly to remove water. Further details were presented in Cecrle et al. (12) and Mangus et al. (16) .
Physical fuel properties were characterized according to ASTM standards. Kinematic viscosity was measured following ASTM standard D445, with a Koehler KV4000 Kinematic Viscosity Bath. Density was measured following ASTM standard D4052, with an Anton Paar 5000M Density Meter. Heating values were determined following ASTM standard D240, with a Parr 6200 Calorimeter. The carbon, hydrogen, and nitrogen contents for each fuel were determined with a PerkinElmer 2400 Series II CHNS/O Elemental Analyzer, with oxygen content determined by difference. The fatty acid methyl ester (FAME) profile of each biodiesel fuel was quantified with an Agilent 6890 Series GC System with a polyethylene glycol capillary column (19091N-231 HP-INNOWax from Agilent), an Agilent 5973 Network Mass Selective Detector, and MSD ChemStation software. Full details of the GC-MS operating parameters are presented elsewhere (17) . Samples were diluted for analysis in n-hexane, with ethyl stearate used as an internal standard. F.A.M.E. Mix C8-C24 (18918-1AMP from Sigma-Aldrich) was used as an analytical standard for peak comparison.
The FAME profile of each individual biodiesel was used to calculate the cetane number, unsaturation percentage, and average HC chain length for that fuel. Cetane numbers were calculated as mass weighted averages of accepted cetane numbers for the individual FAMEs, following the method in Garcia et al. (18) . The unsaturation percentage was calculated by adding together the individual FAME fractions weighted by the number of double bonds in each molecule. A higher unsaturation percentage, thus, indicates the presence of more double bonds in the fuel's FAME components. Similarly, the average number of carbons in the HC chains of each fuel (not including the methyl ester) was calculated as a weighted average of the number of carbons in each individual FAME. The most common FAMEs present in the fuels were C16 to C18 compounds, except for the coconut biodiesel, which contained primarily C12 and C14.
combustion and Emissions testing
Both sets of experiments utilized a Yanmar L100V single-cylinder direct-injected diesel engine. Between the first set of experiments in 2011 and the subsequent testing in 2013-2014, the engine was substantially modified. The modification included replacement of the original MI with a common-rail EI system and the installation of equipment to monitor in-cylinder pressure during the combustion experiments (Table 1 ). In addition, the original electric generator was replaced with an AC dynamometer. For both systems, a MicroMotion Coriolis flow meter (CMF010M) was used to measure fuel flow rates, while a Merriam laminar flow element (50MW20-2) and Omega differential pressure transducer (PX277-30D5V) were used to measure air flow. A more complete description of the engine setup can be found in Langness et al. (19) .
Common-rail experiments were conducted at 25%, 50%, 75%, and 100% of rated engine load, corresponding to the values shown in Table 1 . As the rated continuous generator power was only ∼85% of the rated engine load, the experiments with the mechanical fuel injection system were conducted at slightly lower engine torque. Each fuel was tested at all four engine loads. For each test, data Note: TDC = top dead center; THC = total hydrocarbon; NA = not available.
collection began once engine steady-state had been achieved, where steady-state was defined as a change in exhaust temperature of less than 1% per minute (19) . Gaseous emissions data were recorded for 10 min at 1 sample/s for the MI studies, and for 5 min at 1 sample/s for the EI studies. Particulate emissions were recorded for the electronic fuel injection experiments only. Engine performance data were collected at a rate of 10 samples/s for 2 min during the emissions data collection. Reference tests at each engine load were conducted on the same day and in the same manner as biodiesel testing with biodieselfree ultra-low-sulfur diesel fuel (ULSD). More complete descriptions of the experimental procedures can be found in Cecrle et al. (12) and Mangus et al. (16) for the MI and EI systems, respectively.
injection-timing adjustment for common-rail System
During the EI studies, in-cylinder pressure and volume data were collected from 60 thermodynamic cycles at a resolution of 0.2-0.5 crank angle degrees, and then averaged to provide a pressure profile for each fuel tested at each load. With this profile, the injection timing of ULSD was calibrated for each load such that fuel consumption was minimized at the maximum brake torque condition (20) , the point where the engine releases the maximum amount of energy. Maximum brake torque timing is highly dependent on ignition delay, which is much shorter for most biodiesels compared with ULSD (21), and will thus vary for the different fuels. Combustion tests for each fuel were first performed with the ULSD-calibrated injection timing. The in-cylinder pressure trace for each biodiesel was then compared with that of the ULSD control at each load. The timing of the peak in-cylinder pressure produced by the biodiesel was then adjusted to match that produced from ULSD by delaying fuel injection. This method ensured normalization of the combustion phasing to obtain a better representation of fuel property influences on exhaust emissions separate from the effects of injection-timing changes. Figure 1 shows the effects of this timing adjustment on in-cylinder pressure traces for the combustion of used coconut oil at 18.0 Newton-meters (N-m) (100% load).
data analysis
Raw emissions data (in parts per million) were filtered to remove instrumental noise and then converted to brake-specific emissions (g/kW-h) with simultaneously recorded data on fuel flow and energy produced by the engine at a given load. An average emissions level was then calculated over the steady-state data collection period for each fuel at each engine load. For comparative purposes, averaged results were normalized by comparison with the emissions from the reference ULSD control fuel combusted under the same conditions. A normalized emissions level of 100% indicates that emissions from that particular fuel were equal to ULSD emissions from the same engine setup at the same load. This normalization allows for comparison of experiments conducted on different engine setups while controlling for day-to-day changes in ambient conditions that could affect levels of emissions.
rESultS and diScuSSion
Fuel properties
The physical and chemical properties of the biodiesel fuels used in these experiments are shown in Table 2 . In general, measured prop- Average space of carbons in hydrocarbon chain, based on FAME analysis. erties for the biodiesel fuels were relatively similar between the two experiments, with density values varying by <1%, viscosity by <4%, and heating values by <2%. Chemical analysis revealed some compositional differences in the two palm biodiesels, with the fuel used for the EI system having a higher unsaturation level and lower oxygen content. The oxygen content of the EI that used coconut oil was also about 1% lower than that for the MI fuel. These differences, however, are relatively minor and do not affect the ranking of either fuel relative to the other tested biodiesels.
Consistent with generally observed trends, all biodiesel fuels had higher densities and lower heating values than the reference ULSD fuels (measured ULSD densities and heating values ranged between 835 and 839 kg/m 3 and 45,500 and 45,740 kJ/kg, respectively) (22) . Three of the four biodiesel fuels had viscosities similar to each other but more than 50% higher than the ULSD viscosity, which ranged from 2.48 to 2.58 centistokes (cSt). The coconut biodiesel fuels, however, had viscosities much closer to that of ULSD than to the other biodiesel fuels. These fuels were also composed of shorter FAME compounds and contained almost no carbon-carbon double bonds (<10% unsaturation). The canola and soybean biodiesels contained almost all longer, unsaturated FAME compounds (primarily C18:1 and C18:2), while the palm biodiesel had similar chain length but less unsaturation and higher oxygen content. Figure 2 presents NO x emissions for the MI system. In absolute terms, NO x emissions for the MI system decrease with increasing engine torque, with the greatest decrease occurring between the first and second load conditions (4.6 and 8.8 N-m, respectively). At 4.6 N-m (around 25% total engine load), all biodiesel fuels except palm have total brake-specific emissions roughly equal to ULSD emissions (heavy line in Figure 2) . By the highest engine load conditions, however, all biodiesel fuels have lower brake-specific emissions than ULSD. Given the differences in testing conditions mentioned before, the absolute levels of brake-specific emissions are not directly comparable between the two systems. Instead, the level of biodiesel emissions relative to the simultaneously tested ULSD fuel is used in assessing the response of the different fuels. Figure 3 shows this trend more clearly by focusing only on emissions as a percentage of the corresponding ULSD emissions. For all four fuels, NO x emissions decrease relative to ULSD at all loads, with the greatest change above 12.3 N-m (∼75% load).
no x Emissions
The EI system, by contrast, shows somewhat different behavior. As with the previous system, brake-specific NO x emissions decrease with increased engine load. However, at the lowest engine load setting, NO x emissions for all four biodiesel fuels are significantly below those for ULSD. The relative level of biodiesel and ULSD NO x emissions remains relatively consistent through the second and third engine settings for the coconut and canola biodiesel, but increases for palm and soybean (again, the overall brake-specific emissions decrease in each case, but the ULSD decrease is greater than the decrease for these fuels, so their relative emissions increase). By the highest load (18 N-m), NO x emissions from all fuels except the palm biodiesel are equivalent to or just below the ULSD emission levels when engine timing is not adjusted. Figure 3 indicates the results when timing is not adjusted (i.e., most comparable to the MI studies, with the engine as is) and when injection is delayed to match peak pressure location and remove ignition delay effects. Overall, the use of the EI system generally leads to lower biodiesel NO x emissions relative to ULSD, but the effect is much smaller as the engine torque increases, which is opposite to the pattern observed for the MI system.
As shown in Figures 3 and 4 , after adjusting the engine timing, NO x emissions are reduced compared with the unadjusted condition for all fuels at all engine torque settings. The difference is relatively small, and not all individual results are significantly different from the unadjusted values within the uncertainty of the measurements. However, a statistical analysis of the 16 paired data points resulting from the EI experiments (four fuels each at four engine settings) indicates that the average decrease in brake-specific NO x emissions when the engine timing is adjusted is 6.3 ± 1.5% (at a 95% confidence interval). This analysis suggests that adjusting injection timing does in fact reduce overall NO x emissions, as anticipated because of a reduction in combustion pressures and temperatures. When broken down by individual biodiesel fuel, timing adjustment had the largest influence on palm and coconut biodiesels, with average NO x reductions of 8.4 ± 2.5% and 8.4 ± 3.9%, respectively. For soybean and canola biodiesels, the average NO x reductions were 4.3 ± 1.6% and 4.2 ± 0.7%, respectively. Throughout these experiments, palm biodiesel consistently had the lowest NO x emissions for the MI and EI systems. Palm biodiesel has a lower level of unsaturated (double-bond) carbons in its composition than either soybean or canola oil, which has been theorized to improve NO x emissions by reducing energy release, and thus thermal NO x production (23) . In an earlier study with the EI setup, a beef tallow biodiesel with similar FAME composition as palm also had lower NO x emissions than the more unsaturated fuels (16) . These results are also consistent with the differences in soy and animal-based biodiesel NO x emissions recorded in the most recent California Air Resources Board study (9) . Coconut biodiesel, by contrast, has very low unsaturation levels, yet had higher NO x emissions than palm biodiesel in both experiments. Investigating the fuel properties in Table 2 , coconut biodiesel has shorter average HC chains than the other biodiesel fuels, resulting in a much lower viscosity, which promotes better breakup of the fuel spray during the injection process (smaller droplets). Coupled with a higher oxygen percentage, this will result in a more enhanced combustion process promoting a faster burn and higher temperatures, which cause higher NO x emissions.
partial combustion products
The influence of biodiesel use on HC emissions is presented in Figure 5 . As expected, the use of biodiesel results in reduced emissions of uncombusted HC in almost all cases for the MI and EI systems. This decrease is primarily caused by the inherent fuel properties of the biodiesels that result in more complete combustion, that is, molecular oxygen within the fuel structure; the dominance of shorter, straight chain HC compounds; and the lack of aromatic compounds. With the MI system, brake-specific HC emissions for all fuels except coconut biodiesel are reduced by 20% to 60%, with the greatest reductions occurring at lower engine loads.
Adjusting the injection timing for the EI system resulted in only small changes in HC emissions. Unlike for NO x emissions, increases and decreases in brake-specific HC emissions were observed because of this adjustment. Comparing the percentage change between paired sets of unadjusted and timing adjusted HC emissions data, the overall average change was −4.5 ± 4.1%, indicating a slight increase in HC emissions (a reduction in combustion temperature with timing reduces NO x but increases HCs). For the individual fuels, only soybean biodiesel, with an average change of −8.6 ± 6.7%, had an increase significantly distinct from zero. In addition, the overall average was driven by the relatively large growth observed at 4.5 N-m for the palm and soybean biodiesels. At higher loading, no significant effect of timing adjustment on HC emissions was observed in either direction.
Carbon monoxide (CO) emissions (not shown) with the MI system followed generally similar patterns as HC for three of the four fuels. Palm and soybean CO emissions were reduced by 20% to 50% compared with ULSD, with the greatest reductions at lower engine loads. Coconut emissions increased over ULSD emissions at 9 N-m load and greater. Canola CO emissions also increased compared with ULSD; however, canola CO emissions did not follow the HC profile. For coconut and canola biodiesels, normalized emissions with the EI system were much lower, ranging from 60% to 100% of ULSD. Palm and soy normalized emissions were not substantially affected by converting from the MI to the EI system. The coconut biodiesel is more sensitive to changes in the injection system because of fuel properties that promote quick combustion. The EI system allows for injection of smaller, finer droplets that combust more readily, particularly with the oxygenated biodiesel fuels, reducing partial combustion products. Canola has the highest level of unsaturation percentage (the most double carbon bonds and the largest amount of C18:3), which increases the difficulty in converting fuel carbon to carbon dioxide, and could promote CO emissions versus full combustion to carbon dioxide. However, the properties of canola are not too dissimilar to soybean; therefore, a definitive conclusion as to why canola CO emissions are more sensitive to the fuel injection strategy than soy or palm biodiesel cannot be determined. With the EI system, CO emissions are below ULSD levels for all loads below 18 N-m load.
As with the HC emissions, the CO emissions increased with the adjusted injection timing, again most likely because of the lower combustion temperatures. The mean difference from the unadjusted to the timing adjusted condition over the whole set of data was −7.1 ± 5.2%, or an increase in CO emissions of 7.1%. In addition, all biodiesel fuels except canola had individual increases that were statistically significant, with palm biodiesel showing the highest increase of 10.4 ± 4.5%.
PM emissions were not collected during the MI studies; thus, the impact of different fuel injection strategies cannot be addressed. With the EI system, PM emissions increased relative to ULSD for all fuels at 4.5 N-m (Figure 6a ), but decreased at 18 N-m (Figure 6b ). At 9 and 13.5 N-m, differences emerged between the fuels, with palm and soybean PM emissions higher than their baseline ULSD fuel and coconut and canola PM emissions lower. To some extent, these results suggest a trade-off in NO x versus PM emissions for the biodiesel fuels as a function of the relative levels of premixed or diffusion burn. Palm and soy biodiesel fuels showed the greatest PM increases (relative to ULSD) at low loads, where the decrease in NO x was also the great- est. This is because combustion conditions that favor lower NO x production (particularly premixed burn) will typically also favor increased PM formation (increased diffusion burn). At the same time, the coconut and canola biodiesel results showed decreases in NO x and PM relative to ULSD, from 25% to 75% load. These results indicate that some biodiesel fuels may simply be less likely to produce PM emissions because of differences in the fuel properties.
None of the four fuels tested showed a consistent effect of timing adjustment on PM emissions over the full range of experimental conditions. Instead, PM emission responses were tied to engine load. At 4.5 N-m, the mean difference in PM emissions from unadjusted to adjusted timing conditions was −10.8 ± 4.1% over all four fuels, while at 13.5 N-m it was −5.6 ± 0.9%. At 9 and 18 N-m, by contrast, the effect of timing adjustment was not significant in either direction. This variation may be partially caused by the overall low total levels of PM emissions, which were <0.1 g/kW-h for all loads below 18 N-m. ULSD PM emissions, unlike those of the gas phase constituents, were also significantly different in the 2013 and 2014 tests, except at 4.5 N-m. (Therefore, two lines are indicated for ULSD in Figure 6b .) The difference suggests that the PM emission results from this system may be more susceptible to small differences in experimental conditions from run to run.
concluSionS
The results presented here show that differences in fuel composition and physical properties between ULSD and biodiesel fuels (and between different biodiesels) interact with distinct engine platforms to produce changes in the exhaust emissions of regulated air pollutants. Although the single-cylinder engine used here is a research engine, and emission levels will vary for larger diesel engines, the general trends can be used to show where further investigation could be helpful in optimizing biodiesel for use in mobile sources of emissions. Based on these results, NO x emissions are sensitive to the type of biodiesel used, particularly the HC chain length and the extent of unsaturation. In addition, adjusting engine timing for the different biodiesels reduced NO x production. Notably, in the MI and EI systems, the results presented here showed little to no increase in NO x emissions above those of ULSD. This finding provides further evidence that the assumed negative effects of biodiesel use on NO x emission levels may be overstated, especially when non-soy-based biodiesels are used.
With EI systems, the ability to adjust fuel injection timing to moderate the effects of biodiesel's shorter ignition delay may allow for further improvements in NO x emission levels. With respect to partial combustion products, HC emissions decreased with biodiesel regardless of the engine system, most likely because of the chemical makeup of the fuel, which has more straight chain HCs and molecular oxygen and little to no aromatic content. The same factors that improve NO x emissions with biodiesel in this engine tend to increase PM emissions relative to ULSD at lower engine loads. This result is particularly relevant to overall air quality impact, as the Federal Test Procedure heavy-duty diesel test cycle has an average engine operating load of 20% to 25% (24) . However, the timing adjustment process somewhat mitigated the increase in PM at these lower loads while still maintaining reduced NO x emissions. Overall, trading off a decrease in NO x emissions for increased PM could still provide a benefit to engine manufacturers, given the emphasis on NO x levels in future emissions standards. A full assessment of this trade-off would also have to consider the relative expense and ease of use of the different after-treatment devices used to remove PM and NO x from the exhaust stream, which were not considered in this study.
The results presented here have several implications for modeling the expected impacts of increased biodiesel use in various vehicles and transportation fleets. First, the different responses of mechanical and electronic fuel injection systems to biodiesel could result in notably different emissions factors from older and newer vehicles in sectors where electronic fuel injection has become more common in recent years. In addition, the different responses of the MI and EI systems across different engine loads suggest that dissimilar drive cycles could produce unique emissions profiles based on the fuel injection process. This may be one component of the observed differences in the biodiesel emissions profiles of older and newer vehicles in existing studies (25, 26) .
Second, the potential for re-tuning of newer electronic injection engines to match biodiesel properties better should be considered as a potential strategy for limiting future emissions from biodiesel fuels, particularly as higher biodiesel content blends (B20 and beyond) become more common. This implication leads directly to the final broader impact of this study, the implications of the relationship between biodiesel composition, combustion performance, and emissions. As observed here for coconut biodiesel, as the composition of biodiesel fuels changes substantially from that of the typical current biodiesel feedstocks (soybean, canola, and rapeseed oils), the expected fuel properties and combustion performance can change substantially. As newer, second-generation biodiesel feedstocks are developed, the composition of bulk biodiesel may become more varied and combustion and emissions performance less predictable. In the end, composition-based standards for biodiesel may become a useful tool for ensuring the best performance and lowest air quality impact from these fuels. 
